Abstract: By creating polarization orthogonality between the odd and even channels, crosstalk-free OWC link is realized with spectral overlap. This technique can tolerate the wavelength misalignment between AWGRs and lasers, which relaxes the design of high port-count AWGRs and wavelength stable lasers. 
Introduction
To satisfy the exponential bandwidth increase in indoor networks, beam-steered indoor infrared (IR) light optical wireless communication employing narrow pencil-beams is attracting increasing interest [1] [2] [3] [4] . The IR spectrum is license-free and its wide frequency range offers a potentially large capacity. The steered free-space narrow IR beam brings the light only where and when needed, and offers non-shared connections [1] . Recently, the λ-controlled 2-dimensional (2-D) IR beam steering system using a high port-count arrayed waveguide grating router (AWGR) was proposed and experimentally demonstrated [2] . As the λ-routing component, the AWGR module determines the spatial resolution and spectral efficiency (optical bandwidth per channel) in the beam steering system. As shown in Fig. 1(a) , the output fibers of the AWGR are arranged in 2-D fiber array and the fiber array is put in the focal plane of a lens. The position of a fiber in the focal plane determines the 2-D direction in which its corresponding beam is emitted after the lens. In other words, each output port of the AWGR covers a certain area. With the increase of spatial resolution and transport capacity, a higher port-count and larger port-bandwidth AWGR is urgently needed. Considering that the usable spectral range is limited (e.g. 35 nm for C band), the spatial resolution is compromised with spectral efficiency. Fig. 1(b) presents the normal AWGR response. It is obvious that the most direct way of adding port-count is to reduce the channel spacing. But, to avoid the inter-channel crosstalk, a spectral guard band is inserted between adjacent AWGR channels, which inevitably causes a waste of spectral resources. Thus the port-bandwidth is also shrunk. Currently, the available solution is to reduce the AWGR channel grid (e.g. from 50-GHz grid to 12.5-GHz grid) and at the same time, upgrade the channel shape from 'Gaussian' to 'Flat-top' as depicted in Fig. 1(c) [5] [6] . The 1-dB bandwidth can be extended from 31% to >65% of channel spacing [5] . Nevertheless, this 'Flat-top' design leads to higher crosstalk which requires larger guard band between the channels, thus this improvement is weakened again.
In order to solve these problems, we propose a crosstalk-free transmission scheme in AWGR-based 2-D IR beam steering communication systems. By creating polarization orthogonality between the odd and even channels, a very high crosstalk tolerance between spectrally overlapping AWGR channels can be realized. Because two signals with orthogonal polarization states will not beat with each other in a photodiode. The signal with crosstalk on orthogonal polarization state will not generate a heterodyning beat note after the photodiode and thus no crosstalk exists in electrical domain. This spectral overlap also means higher spectral efficiencies. The technique can also resist the wavelength misalignment between AWGRs and lasers. Moreover, in terms of AWGR design, the higher port-count 
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can be implemented simply by reducing the gap between output waveguides on a chip, which allows us to keep the small AWGR footprint. The constrain on high stability tunable lasers is also relieved.
Operation principle
In the traditional system, the signal that is fed into the AWGR module has arbitrary polarization and non-overlapped to avoid the inter-channel crosstalk through the AWGR. In order to further improve the spectral efficiency, especially facing the requirement of high port-count/large port-bandwidth AWGRs, the new crosstalk-free transmission method is proposed. Fig. 2 shows the principle of the system. Usually, the intensity-modulation/direct-detection (IM-DD) method is utilized [2] . In the scheme, the input signal is split into two groups: even and odd channels according to the spectral response of the AWGR as shown in Fig. 2 (a) and (b) . The adjacent channels are set to be overlapped in spectrum to realize a high spectral efficiency. The polarization states of even and odd groups are shifted to orthogonal polarizations respectively, and then combined by a polarization beam combiner (PBC). Fig. 2 (a-c) present the spectra before and after the PBC. Due to the filtering function of the AWGR, the signal is λ-split and steered to different directions. For the channels of and +1 , they contain the target signal (including the carrier and the signal) and the so-called 'crosstalk' (signal without carriers) from adjacent channels with the orthogonal polarization as shown in Fig.  2 (d-e) . Then the received signal is detected by a photodiode and the detected photo current can be presented as 
where, , , and , , , , +1, and , +1, are the carriers and signals in n (with x-polarization) and n+1(with ypolarization) channels, respectively. , +1, and , −1, , , +2, and , , are the crosstalk signals in n and n+1 channels due to the spectral overlap. It is known that two signals with orthogonal polarization states will not beat with each other in a photodiode, so will not generate a heterodyning beat note. From the final expressions of each photo current, the first term is direct current (DC) that does not affect signal. The second term is signal-to-signal beat interference (SSBI) generated by target signal and the third term is the SSBI caused by inter-channel crosstalk, which can be neglected [7] . The last term is the recovered signal. It is obvious that, compared to the traditional IM-DD 2-D beam steering system, no electrical crosstalk is brought given that the third SSBI term is negligible [7] .
Experimental setup and parameters
The signal can be of single-carrier or multi-carrier type. For the proof-of-concept demonstration of our scheme, the signal used is the orthogonal frequency-division multiplexing (OFDM) format. Two AWGR channels (central wavelength 1550.02nm and 1550.12nm) are utilized. The optical carriers are offered by two tunable lasers (Tun. LDs) and then are fed into two separate Mach-Zehnder modulators (MZMs) driven by OFDM-16QAM signals. The OFDM signal uses 512-point FFT size, in which 212 subcarriers have data and 8 subcarriers no data in order to avoid the lowfrequency interference. The signal is transmitted by an arbitrary waveform generator (AWG) running at 10GSa/s. The double-sideband bandwidth and net bit rate are 8.59GHz and 15.4Gbit/s, respectively. The modulated signal is λ-switched to two input ports of a PBC, which carry the odd and even channels of the AWGR. A polarization controller (PC) is used before the PBC to align the polarization state. After the amplification by an EDFA, this specially designed signal is split into different channels and transmitted to a 1.1m free-space link (~2.5dB loss) via a lens collimator. The receiver consists of a lens collimator followed by an avalanche photodiode (APD). The variable optical attenuator (VOA) is only for measuring performance, which can be removed. The detected signal is sampled by a digital phosphor oscilloscope (DPO) at 25GSa/s rate. The inset shows the optical spectra before and after the AWGR. The minimum carrier-spacing is set as 3.5GHz with 5.1GHz spectral overlap.
Experimental results and discussion
A commercial AWGR is used to prove the effectiveness of our crosstalk-free transmission scheme as shown in Fig.  4(a) . Due to the large spectral guard band (hence low spectral efficiency), here, we shift the central wavelength of the signal closer to the passband edge to emulate the inter-channel crosstalk. First, we put the 8.59-GHz target signalband at 1550.06nm (the central wavelength 1550.02nm). Then we move the adjacent 8.59-GHz signal-band close to the target signal. Fig. 4(b) illustrates the performance comparison after AWGR between our method using PBC and the traditional way using an optical coupler (OC). With the decrease of the two signal-bands' spacing, more spectral overlap introducing crosstalk is generated. This overlap will cause a large drop in SNR (>5dB in Fig. 4 (b) ), but our method maintains the SNR performance which shows no crosstalk interference occurs. Actually, as long as the spacing is <8.59GHz, the overlap always exists. Just because of the strong filtering of this large-guard-band AWGR, the crossed power is at very low level when the spacing is not small enough, causing very limited interference (e.g. spacing 5.5-7.5GHz). The proposed scheme will present greater advantages than the conventional scheme for the case when the 'specially-designed' flat-top and small-guard-band AWGR is employed.
Conclusion
We propose a cross-talk-free transmission scheme in AWGR-based 2-D IR beam steering communication system. By creating polarization orthogonality between the odd and even channels, the spectrally overlapping AWGR channels can mitigate the impact of crosstalk on performance, achieving higher spectral efficiency. The proposed technique can tolerate the wavelength misalignment between AWGRs and lasers, which relaxes the design of high port-count AWGRs and wavelength stable lasers. 
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